The green crab Carcinus maenas invaded the Gulf of Maine over a hundred years ago and has become a well-established member of coastal ecosystems. Carcinus is most abundant in the intertidal zone despite higher availability of invertebrate prey in the nearby shallow subtidal. A previous study revealed a higher mortality rate for Carcinus in the subtidal than in the intertidal zone. Two other decapods, the American lobster Homarus americanus and Jonah crab Cancer borealis, have their highest abundance in the shallow subtidal. These three species have similar diets and predation among and within species occurs. We performed a laboratory experiment to investigate the effects of H. americanus, C. borealis, and larger conspecifics on mortality and behavior of Carcinus. Homarus americanus was the most effective predator on Carcinus, consuming 27% within 24 h. In contrast, only 5% of Carcinus were eaten by C. borealis and none by conspecifics. The presence of American lobsters had dramatic effects on Carcinus behaviors: hiding and climbing increased while walking and standing on the open substrate decreased. In contrast, Carcinus showed no significant changes of behavior in the presence of C. borealis or larger conspecifics. The consumptive and non-consumptive (behavioral) effects of lobsters on Carcinus appear to be one major cause of the scarcity of Carcinus in subtidal communities. These effects are also likely to reduce Carcinus predation on the small invertebrates that are common prey for all the large decapods in this ecosystem.
INTRODUCTION
The European green crab Carcinus maenas (Linnaeus, 1758) was introduced to eastern North American over 100 years ago and now has become an established part of coastal communities throughout New England (Taylor et al., 1957; Audet et al., 2003) . Carcinus maenas (henceforth referred to as Carcinus) is omnivorous with a broad diet that includes: bivalves (the mussel Mytilus edulis Linnaeus, 1758 and softshell clam Mya arenaria Linnaeus, 1758) ; gastropods [Littorina littorea (Linnaeus, 1758) and L. obtusata (Linnaeus, 1758)]; barnacles; amphipods; crabs (Cancer spp., Carcinus); and algae (Ropes, 1968; Elner, 1981; Seeley, 1986; Rangeley and Thomas, 1987) . Carcinus predation on grazing snails produces both density-and trait-mediated direct effects with indirect effects cascading down to the algal assemblage (Hadlock, 1983; Trussell et al., 2006) .
Given the ecological effects of Carcinus, the factors controlling its abundance in coastal communities are important. Carcinus is found at much higher densities in the mid-and low-intertidal zones compared to the shallow subtidal (Carlson et al., 2006; Donahue et al., in press ). This distribution is surprising given that its preferred prey, mussels and amphipods, are more abundant in the shallow subtidal (Donahue et al., in press ). However, a tethering experiment revealed that Carcinus mortality is much higher in the subtidal compared to the low intertidal zone; the American lobster (Homarus americanus H. Milne Edwards, 1837) and Jonah crab (Cancer borealis Stimpson, 1859) were the two most abundant potential predators in that study (Donahue et al., in press ). These two species, along with Cancer irroratus Say, 1817 and Carcinus, all feed on a common suite of prey (Ropes, 1968; Elner, 1981; Ojeda and Dearborn, 1991; Sainte-Marie and Chabot, 2002) . Although they differ in the tactics used to break molluscan shells (Moody and Steneck, 1993) , these four decapods share common prey and may be considered a feeding guild (Krivan, 2000; HilleRisLambers and Dieckmann, 2003; Novak, 2004) .
Intraguild predation occurs among these decapods (Ropes, 1968; Ojeda and Dearborn, 1991; Rossong et al., 2006) . Theoretical and experimental studies show that if one guild member is both competing with and preyed upon by another member, the situation is unstable and the prey species may be unable to persist in the same habitat (Polis and Holt, 1992; Holt and Polis, 1997; Holt and Huxel, 2007) . Given the high mortality of Carcinus in the shallow subtidal where H. americanus and C. borealis are abundant (Novak, 2004; Donahue et al., in press) and the potential for intraguild predation to affect the distribution of Carcinus, we investigated the interactions between Carcinus and these other decapods. In this study we used a laboratory experiment that mimics the natural environment to determine both density and behavioral (trait) effects of H. americanus and C. borealis on Carcinus.
MATERIALS AND METHODS

Study Site
This research was conducted during June-August 2006 on Appledore Island, ME, U.S.A. at the Shoals Marine Laboratory (42u599N, 70u379W). JOURNAL OF CRUSTACEAN BIOLOGY, 29(3): 350-355, 2009 Appledore Island, one of the nine islands in the Isles of Shoals archipelago, is located in the Gulf of Maine, 10 km off the coast of Portsmouth, New Hampshire, USA. The brachyuran crabs Carcinus and Cancer borealis, as well as the American lobster H. americanus are all common in cobble and bedrock ledge habitat that comprise the shallow subtidal and intertidal zones.
Experimental Design
We used a laboratory experiment to determine whether Carcinus would alter their behaviors or be eaten if potential intraguild predators were present. Our experiment included 10 replicates of 4 treatments ( Table 1) . Three treatments involved interaction with a potential intraguild predator: American lobster, Cancer borealis, or a larger conspecific. We did not include C. irroratus because its thinner, less powerful chelae (Warner and Jones, 1976; Moody and Steneck, 1993) make it less likely to be an effective predator on sub-adult and adult crabs. The fourth treatment, exposure to same-sized conspecifics, served as a control. For each of the treatments in which Carcinus was exposed to C. borealis or conspecifics, two individual crabs were present. Since lobsters are found at much lower densities in the field compared to the crabs (Novak, 2004) , only one lobster was present.
The experimental design (Table 1) included three temporal parts, each consisting of a 24 h period: Part A -8 medium-size Carcinus (30-43 mm carapace width) present; Part B -two Carcinus removed and potential predator added [two C. borealis, two large Carcinus, one lobster, or two medium Carcinus (control)]; Part C -potential predator removed and 2 medium-sized Carcinus added.
Medium and large Carcinus were collected from the protected western side of the island and maintained in flow-through sea-tables until used in the experiment. Medium Carcinus were fed crushed snails, while large Carcinus were kept in separate sea-tables and starved for at least 2 days prior to experimental trials. C. borealis were hand-collected from the shallow subtidal (0-5 m depth). They were kept in separate aquaria and were not fed for the two days prior to entering the trial. Lobsters were collected from traps, trawls and by hand, and were maintained in separate aquaria prior to use. To maintain more normal behavior in the laboratory environment, lobsters were fed crushed snails every 1-2 days, but were not fed to satiation.
To simulate a natural environment with shelter sites, we covered the bottom of four flow-through sea-tables (180 3 86 3 55 cm) with 3 cm of gravel, placed three large rocks (ca. 20 3 20 cm) in the central area, and two PVC pipes (20 cm long, 10 cm diameter) in tank corners. The space under the L-shaped sea-table drainpipe was also available as shelter. The sea-tables were located outdoors but shaded from direct sunlight. The treatments were randomly assigned to sea-tables. Carcinus and C. borealis used in the experiment were labeled with numbered light pink flagging tape glued to the carapace and randomly assigned to treatments.
During each 24 h phase of the experiment, the positions of the crabs and lobsters were observed at 900, 1300, 1800, 2100, and 2300 h. All observations were made without moving any objects in the sea-table. At night, a light with a red filter was used to help locate subjects with minimal disturbance. Tank manipulations, i.e., addition or removal of Carcinus or predators, were done one hour before observations were taken to allow time for acclimation. The position and behavior of each animal was recorded and categorized as shown in Table 2 . At the end of the experiment the sea-table was carefully searched for all remaining crabs and crab parts. A missing crab was recorded as eaten and assumed to have died in the time period following its last sighting.
Mortality in the Presence of Potential Intraguild Predators
To compare the differences in mortalities between treatments we calculated the proportion of Carcinus that were consumed in each trial.
The consumption rates in the control and large Carcinus treatments were both zero. Therefore, we used t tests to determine whether the rates in each of the other two treatments differed from the null hypothesis mean of zero. We also used a t test (assuming unequal variances) to compare consumption rates between the lobster and C. borealis treatments.
Behavioral Changes in the Presence of Potential Intraguild Predators
The proportions of Carcinus exhibiting each behavior (Table 2) were analyzed to determine whether there were changes between day and night, phases of the experiment, and predator treatments. For each phase of the trial, data recorded at 0900, 1300 and 1800 h were averaged to produce results for daytime, while those recorded at 2100, and 2300 h were averaged to produce results for nighttime. Prior to analyses, all data (proportions of Carcinus showing a given behavior) were transformed using arcsine square-root (Gotelli and Ellison, 2004) .
During the initial phase (Part A) of the experiment the conditions were the same in all treatments and we used observations during this phase to compare day versus night behaviors. Since day and night observations were conducted on the same subjects, we used a paired t test to determine whether the proportion of individuals exhibiting each behavior changed over the diel cycle.
The effect of predator treatments on Carcinus behaviors were analyzed from the results of Part B of the experiment. We used a repeated-measures ANOVA to determine whether there were differences between treatments, time-of-day (repeated measure), or their interaction. When we found a significant interaction or treatment effect, we used two one-way ANOVAs to analyze the predator effects during the daytime and nighttime and four paired t tests to compare the day and night results for each predator treatment. To control for 6 multiple comparisons, we used the conservative Bonferroni correction to determine a critical value of 0.0083 (Gotelli and Ellison, 2004) . In the results, we report the original P-values but only indicate they are statistically significant using the corrected a-value.
To determine whether effects of predators on Carcinus disappeared after the predators were removed, we performed the same repeated-measures ANOVAs for behavioral data from Part C of the experiment.
RESULTS
Mortality in the Presence of Potential Intraguild Predators
Carcinus mortalities occurred only in the lobster and C. borealis treatments, and all deaths occurred when the predators were present (Part B). In the lobster treatment, Carcinus deaths occurred in 9 of the 10 trials, with 27% of the crabs being consumed. The Carcinus mortality rate in 
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the lobster treatment was significantly higher than the zero mortality observed in the control and large Carcinus treatments (one sample t test: t 5 5.2, d.f. 5 9, P 5 0.0003). In the C. borealis treatment, Carcinus deaths occurred in 2 trials with a total of 5% of the Carcinus consumed; this mortality rate was not significantly greater than zero (one sample t test, t 5 1.4, d.f. 5 9, P 5 0.10). However, the statistical power for detecting a predation rate of 5% was quite low (power 5 0.36). Carcinus mortality was significantly higher when lobsters rather than C. borealis were present (t test with unequal variances: t 5 3.5, d.f. 5 16, P 5 0.003).
Diel patterns of behavior
Day-night comparisons of Carcinus when there were no predators present (Part A) revealed significant diel changes in behavior (Fig. 1) . In the daytime, Carcinus were significantly more likely to be sheltered or hidden and less likely to be exposed on the gravel surface (N 5 10; Paired day-night t-ratios: sheltered 5 7.9; hidden 5 5.41; exposed 5 211.86; all P , 0.0001). Climbing occurred rarely, but significantly more frequently at night (Paired t-ratio 5 22.55, P 5 0.015).
Behavioral Changes in the Presence of Potential Intraguild Predators
When predators were present (Part B), there were significant treatment or treatment*diel effects for three of the four Carcinus behaviors ( Fig. 2 ; see statistical results in Table 3 ). Climbing by Carcinus was significantly more common when lobsters were present and during nighttime. At night, Carcinus were exposed, i.e., standing or walking on the gravel surface, significantly less often in the lobster treatment, but there were no differences among the treatments during daytime. In all but the lobster treatment, Carcinus were exposed more often at night compared to day.
Hiding behavior differed significantly among treatments; during nighttime, Carcinus with lobsters present hid significantly more often than Carcinus with C. borealis or same-size conspecifics present. Analysis of the hiding behavior also showed a significant diel effect, with a higher frequency of hiding during daytime. Carcinus sheltering behavior showed no significant treatment or treatment*diel effects. However, as was true when predators were not (Table 2 ) during daytime and nighttime. *** 5 significant diel differences with P , 0.0001. Fig. 2 . Percent of Carcinus maenas showing climbing, exposed, and hidden behaviors during daytime (white bars) and nighttime (black bars) in the different predator treatments. Shared letters indicate no significant difference in behavior frequency among predator treatments during daytime (letters a, b) or nighttime (y, z). present (Part A), Carcinus were found in shelters more often during day than at night.
After the predators had been removed (Part C), exposed, sheltered, and hidden behaviors did not differ significantly between treatments (repeated measures ANOVA: treatment and treatment*diel effects, all P . 0.05). During Part C of the experiment, climbing behavior did not occur in the daytime in any treatment. At nighttime, climbing occurred significantly more often in the lobster treatment relative to the control, even though lobsters were no longer present (1-way ANOVA, P 5 0.044; Tukey's HSD, P , 0.05).
DISCUSSION
Intraguild interactions can be predatory as well as competitive; both consumptive and non-consumptive predatory effects among guild members are probably most common when there are large disparities in size among species and/or life-stages (Polis et al., 1989; Polis and Holt, 1992; Polis and Winemiller, 1996) . Among the durophagous decapods on New England shores, all guild members appear capable of preying on conspecific and heterospecific juveniles and decapods are commonly found in stomach contents (Ropes, 1968; Ojeda and Dearborn, 1991; Rossong et al., 2006) . In the present study, we focused on subadult and adult Carcinus, examining mortality and behavioral changes in the presence of two larger guild species, as well as larger conspecifics. We found that adult American lobsters inflict high mortality and induce marked behavioral shifts in Carcinus. In contrast, the Jonah crab (Cancer borealis) and larger Carcinus produced little or no mortality and no changes in behavior. These results suggest that the scarcity of Carcinus in the subtidal is due to both mortality and up-shore movement resulting from interactions with lobsters.
In our laboratory experiment, adult American lobsters (72-79 mm carapace width) consumed 27% of available medium-size (30-43 mm) Carcinus in 24 h (1.6 crabs per day). Carcinus density in the experiment was similar to natural densities at Appledore Island (Donahue et al., in press ), but lobster density was an order of magnitude higher in the sea-tables relative to the field (Novak, 2004) . Thus, in the experimental conditions, the ratio of predators to prey was high and the crabs were limited in the distance they could move to escape. However, under field conditions, lobsters forage over large areas (Karnofsky et al., 1989) , effectively increasing the number of potential encounters with Carcinus. Thus, the lab conditions could Table 3 . Summary of predator effects on frequency of Carcinus behaviors. Analyses were performed on arcsine square-root transformed data taken during Part B (predators present) of the experiment. The critical (a) value for determining significance was 0.05 for the repeated-measures ANOVA on each behavior. If a significant treatment*diel effect was found, two one-way ANOVAs (daytime, nighttime) were performed to compare treatments and 4 pairwise t tests were performed to compare day-night frequencies of behaviors for each treatment separately. The Bonferroni correction was used to calculate an a-value corrected for 6 multiple comparisons. If a significant treatment effect, but no treatment*diel effect, was found, two one-way ANOVAs were performed to analyze in more detail the response of behaviors to treatments during daytime and nighttime. In this case, the Bonferroni correction was used to calculate an a-value corrected for 2 multiple comparisons. Significance (Sig.): *** 5 P-value less than 1/50th of the a-value or , 0.0001; ** 5 P-value less than 1/5th of the a-value; * 5 P-value less than the a-value; n.s. 5 not significant. { Behaviors the same as (Donahue et al., in press) . Interestingly, comparisons with other studies show that the direction of the intraguild predatory interaction is sizedependent; large Carcinus (53-76 mm carapace width) preyed upon juvenile American lobsters (28-57 mm carapace length) in a laboratory experiment . When the crabs and lobsters were more similar in size (large Carcinus and sub-adult lobsters 55-70 mm in carapace length), predation did not occur . In our study, medium-size Carcinus responded to the presence of lobsters with increased hiding and climbing behaviors, particularly at night when lobsters are active. Carcinus spent less time exposed on the substrate surface when lobsters were present; thus their time available for foraging was reduced. In the laboratory experiment, Carcinus hid by burying deep in the gravel or directly under rocks. In the field, hiding behavior will necessarily be habitat dependent. We observed that Carcinus and lobsters in the Isles of Shoals are found in rock, cobble, gravel and sand bottom habitats. Burying in sediment or under stones can occur in all but bedrock habitat, where Carcinus can only hide in narrow cracks and beneath macro-algae.
Climbing by Carcinus was rarely observed when lobsters were absent. However, at night, in the presence of lobsters, 11% of Carcinus were climbing on rocks, pipes or the walls of the sea-table. We particularly observed active climbing or swimming by the crabs when lobsters moved into close proximity. Interestingly, the effects of lobsters on Carcinus lingered, with climbing behavior persisting at a higher frequency (relative to other treatments) even after the lobsters had been removed (Part C). In the field, we noted that Carcinus climb up both rocks and floating kelp; during nocturnal high tides, Carcinus often can be found high up in the mid-intertidal kelp Ascophyllum nodosum. These behavioral responses to lobsters presumably reflect two avoidance strategies: burying to possibly avoid both detection and access; and climbing to get out of reach of the lobsters' claws.
American lobsters are nocturnally active (Novak, 2004) ; during the daytime lobsters are found almost exclusively in the subtidal, but will migrate up to the intertidal to forage during nocturnal high tides (Jones and Shulman, 2008) . Gut content data from intertidally foraging lobsters indicate their main prey are crabs, presumably the intertidally abundant Carcinus (Donahue et al., in press ). The lobsters foraging in the intertidal were primarily 50-100 mm carapace length (subadult to adult) (Jones and Shulman, 2008) , while the green crabs were small to medium (15-45 mm carapace width) (Donahue et al., in press ); this size ratio suggests the lobsters would be effective predators on the green crabs. Crabs are a nutritionally important part of the lobster's diet (Sainte-Marie and Chabot, 2001 ) and the high abundance of Carcinus may explain lobster migration into the intertidal for foraging (Jones and Shulman, 2008) . However, subtidal densities of lobsters are about 50% higher than those seen in the intertidal on high tides and subtidal foraging occurs during both high and low tides. Thus, intensity of predation by lobsters will be much higher in the subtidal than in the intertidal zone. Our results suggest that increased interactions with lobsters would reduce Carcinus densities in the subtidal through two mechanisms: 1) consumption, and 2) increased climbing behavior that would lead to up-shore movement (nonconsumption effect).
Non-consumptive predator effects on prey are well documented; in particular, decreased foraging when predators are present has been shown in fishes [plaice (Burrows and Gibson, 1995) , perch (Diehl and Eklov, 1995) ], mammals [pikas (Holmes, 1990) ], crustaceans [juvenile lobsters (Spanier et al., 1998; Wahle and Steneck, 1992) ] and snails [Nucella lapillus (Trussell, 2006) ]. Predator-induced reductions in foraging by prey species often produce effects on the next trophic level down, a phenomenon referred to as trait-mediated indirect interactions (Werner and Peacor, 2003) . In the presence of lobsters, Carcinus showed a decrease in exposed behavior that is associated with active foraging. Thus, both densitymediated and trait-mediated indirect interaction effects of lobsters would include reduced predation by Carcinus on small invertebrates. These predatory effects within a feeding guild would result in decreased competition by Carcinus for the small invertebrate prey fed upon by all guild members.
In contrast to the dramatic behavioral changes in the presence of lobsters, Carcinus showed little response to C. borealis. Though C. borealis is larger and capable of being predatory, Carcinus is the faster, more mobile crab (J. C. Ellis, personal communication) and appears to readily evade attacks out on open substrate. On the other hand, C. borealis has broader, more powerful chelae than Carcinus, and is more effective at breaking larger shells (Moody and Steneck, 1993; Perez et al., 2009) . In both laboratory and field studies, Carcinus have been observed approaching feeding C. borealis and stealing food scraps (Moody and Steneck, 1993; Shulman, unpublished data) . A hypothesis worth further study is that Carcinus actually benefits from a close association with C. borealis in an environment where large shelled prey are abundant and predation risk is relatively low.
The rocky intertidal zone around Appledore Island has low densities of resident lobsters and C. borealis due to intense diurnal low-tide predation by gulls (Ellis et al., 2007; Donahue et al., in press ). In contrast, Carcinus are able to avoid predation by gulls due to rapid, agile escape behaviors and cryptic coloration (Dumas and Witman, 1993; Ellis et al., 2005 ; J. C. Ellis, personal communication) . Predation by gulls has the effect of making the intertidal zone a refuge for Carcinus from the high predation pressure in the subtidal zone. Thus, the differential susceptibility of guild members to both intraguild predation and gull predation appears to be the explanation for differences in their intertidal/subtidal distributions.
